Gaseous contaminants such as volatile organic compounds (VOCs) are the major contaminants in indoor air. As there are hundreds of VOCs existing in the indoor environment simultaneously, many CFD practitioners may wonder: should different VOCs be treated differently in CFD indoor simulations? A key factor in CFD simulation to distinguish different VOCs is the kinetic diffusivity, which is negatively associated with the molar mass of a gaseous contaminant, thus could differ a lot for different VOCs. If there are significant discrepancies in transport behaviours of different VOCs, the reason could be due to large differences in their diffusivities. In order to find out the answer of the question in the title of this paper, this study designed a CFD model in which two imaginary VOCs were emitted from the same location at the same emission rate; the only difference is that the diffusivity of the lighter VOC is eight times as much as the diffusivity of the heavier VOC. Simulation results showed that, in terms of steady state, the distribution patterns of different VOCs were almost the same in a normally ventilated room. Therefore all gaseous contaminants can be treated in the same way by applying a typical diffusivity value 10 -5 m 2 /s in CFD simulation.
Introduction
Indoor air quality could be affected by a number of pollutants such as secondhand smoke, volatile organic compounds (VOCs), asbestos fibres, biological particles, radon, carbon monoxide, etc. [1] , and gaseous contaminants are considered to be a very important category. A few gaseous contaminants are inorganic such as carbon monoxide and hydrogen sulphide, while most gaseous contaminants are organic and best known as volatile organic compounds (VOCs). It has been known for a long time that there are at least several hundreds of gaseous contaminants in indoor environment [2] . Researchers used experimental devices such as Gas chromatography-mass spectrometry (GC/MS) to identify VOCs in particular environments [3, 4] . VOCs may have adverse health effects [5, 6] , therefore are of serious concern in indoor air quality. Experimental methods have been applied to monitor the concentration level of VOCs at some particular locations in the room [4, 7] .
As a convenient replacement of experimental methods, computational fluid dynamics (CFD) has been increasingly used to simulate the transport of gaseous contaminants [8] [9] [10] [11] [12] . The diffusivity of the targeted gaseous contaminant must be known for CFD simulations. Diffusivity (or diffusion coefficient) is a proportional constant between the molar flux due to molecular diffusion and the gradient in the concentration of the species. According to classic theories such as Graham's Law and Chapman-Enskog theory [13] , diffusivity is negatively related to the molar mass of gas, and this point has been proved by many experiments. For example, tetracontylamine (C40H83N) has a molar mass 577 and a predicted diffusivity 0.0244 cm 2 /s while methyl fluoride (CH3F) has a molar mass 34 and a predicted diffusivity 0.146 cm 2 /s, which is six times as much as the diffusivity of tetracontylamine [14] . Therefore a gas with lighter molar mass would be easy to diffuse in the certain environment than a heavier gas. As there are hundreds of different VOCs in indoor environment, a key question thus arises: Is the transport behaviour of a lighter VOC significantly different from that of a heavier VOC due to the large difference in their diffusivities? In terms of CFD practice, should different gaseous contaminants be treated differently in CFD indoor simulations due to their different diffusivities?
There were few articles in literature that discussed behaviours of different VOCs in indoor environment. Farajollahi et al. [15] used experimental approach to investigate diffusivities of five VOCs under different environmental conditions of temperature and humidity; however, the effect of the differences between diffusivities on transport of VOCs had not been investigated and compared. Yang et al. [10] undertook interesting CFD simulation by investigating concentration distributions of four different VOCs in a small test chamber. The time-dependant concentration graphs of four different VOCs showed very similar curves. However, such similarity had not been highlighted and discussed in their conclusion part. In summary, the question that this study is concerned has not been directly addressed or answered in literature.
Also in literature, the value of the diffusivity of a particular gas varies due to different theoretical prediction models or different experimental methods [16, 17] . CFD practitioners sometimes have to arbitrarily select one value among many choices. Therefore, another question arises: Is the accuracy of diffusivity important in CFD simulation about transport of gaseous contaminant in indoor environment? In other words, are the CFD simulation results sensitive to the value of diffusivity?
The aim of this study is to try to find out the role of diffusivity in the distribution process of gaseous contaminants in indoor environment. In order to achieve this aim, this study designed a CFD model for a test chamber, in which two imaginary VOCs (called VOC1 and VOC2 respectively hereinafter) were emitted from the same location at the same emission rate. The only difference is that: the diffusivity of VOC1 is 8 times as much as the diffusivity of VOC2. CFD simulations were run under transient as well as steady state scenarios, and then the concentration profiles of the two VOCs were compared to each other. If there were no significant discrepancy in the distribution patterns of these two VOCs, it would be sufficient to say that diffusivity is not important in the transport process of gaseous contaminant in indoor environment.
Methodology
The geometry of the CFD model in this study is shown in Figure 1 . The room is 3.90m (L) × 2.90m (W) × 2.60m (H) with two lights on the ceiling; a cabinet, which is emitting VOC1 and VOC2 simultaneously at the same emission rate 10 -9 kg/(m 2 s), is standing in the corner with sizes of 0.80m (L) × 0.40m (W) × 0.80m (H). A human model (0.4m × 0.25m × 1.2m) and a desk (1.30m × 0.68 × 0.70m) are in the middle of the room. A box (0.40m × 0.40 × 0.40m) on the desk represents a computer. Air of 25°C is blown into the room from the inlet (0.21m × 0.17m), which is located in the middle of the front wall, while the outlet (0.24m × 0.24m) is located on the ceiling beside one light. Tian et al. [12] had used a very similar model to do both experiment and CFD simulation, and their CFD results were in acceptable agreement with their experimental data.
The human model, the computer box and two lights are heat sources in the CFD model. Heat loads are summarised in Table 1 . The commercial program CFX in ANSYS 13.0 has been chosen to run CFD simulations for both transient and steady states under three different ventilation conditions (i.e. six cases in Table 2 ). For transient simulations, the initial velocities of all points in the room were set to be 0m/s, thus it is assumed that there is no airflow in the room at start. ANSYS CFX 13.0 has incorporated many thermal dynamics equations and models, some of which need to be selected in CFX-Pre according to conditions and requirements of this particular study. Due to very low concentration of gaseous contaminant in indoor environment, the transport of gaseous contaminant is assumed to be controlled by the airflow thus the existence of gaseous contaminants in the air has no effect on the airflow field. Both VOC1 and VOC2 are modelled by additional variables in CFX-Pre and transport equation for additional variable has been chosen, which has a form of
where ρ is the mixture density in mass per unit volume, which approximately equals to the air density due to the very low contaminant concentration. Φ is the gaseous contaminant quantity per unit volume while ϕ = Φ/ρ is the gaseous contaminant mass concentration. is the volumetric source term of the gaseous contaminant, and is the kinematic diffusivity of the gaseous contaminant through the air. In this study, the kinematic diffusivity is the main subject, and its value for VOC1 and VOC2 are 1.9×10 -5 m 2 /s and 2.4×10 -6 m 2 /s respectively. of VOC1 is about eight times as much as of VOC2. Unstructured mesh was adopted in this study. Inflation layers (prisms) were generated around heat sources, while tetrahedrons filled out the room space. The total numbers of mesh elements were about 700K for six cases in Table 2 . Mesh independence has been checked and confirmed.
The Re-Normalisation Group (RNG) k-ε model was regarded as the most accurate model for indoor airflow computation amongst eight different turbulence models investigated by Chen [18] . Therefore this study had selected RNG k-ε model as turbulence model for all cases.
As all boundary conditions for VOC1 and VOC2 were the same except their diffusivities, any significant difference in PD 3-D map could be attributed to the difference between their diffusivities.
Results and findings 3.1 Time-dependent contour maps of PD values on sample plan (z = 0.70m)
CFD simulations for each case in Table 2 would be able to obtain 3-D concentration profiles for both VOC1 and VOC2. The numerical results of VOC1 would be compared to the numerical results of VOC2 by the following index called percentage deviation (PD):
where C voc1 and C voc2 are concentration at any particular point in the test room. This study adopted "double 5%" as a criterion for significant difference in PD: if PD was greater than 5% in 5% of the room space, then the difference in concentrations of VOC1 and VOC2 would be considered as significant. A horizontal plan (z = 0.70m) was selected as sample plan for presenting contour map of PD values because this plan cut all items in the room, particularly the cabinet that was emitting VOC1 and VOC2 simultaneously at the same rate.
Contour maps in Figure 2 shows results of PD values when air change per hour (ACH) was 140%. It is found that, when t=1min, significant difference (i.e. PD>5%) in concentrations of two VOCs occurred in more than 50% of the sample plan area. However, the outstanding area (i.e. area where PD>5%) was reduced to about 30% after 5 minutes, and further reduced to less 5% after 10 minutes. At steady state, no outstanding area was noticeable in the contour map. For reference, Figure 3 provides the concentration contours of VOC1 and VOC2 at steady state when ACH=140%. It is found that these two contour maps are perfectly identical; this proves that even the eight times difference in their diffusivities of two VOCs makes no recognisable difference on their concentration distributions at steady state.
This study had also run simulations under higher ventilation situations. Figure 4 shows PD values when air change per hour (ACH) was 550%. It is found that, when t=1min, significant difference (i.e. PD>5%) in concentrations of two VOCs occurred in less than 20% of the sample plan area. However, the outstanding area (i.e. area where PD>5%) was reduced to less than 1% after 2 minutes. At steady state, no outstanding area was noticeable in the contour map.
Figure 3:
Concentration of VOC1 and VOC2 at steady state when ACH=140%.
Figure 4:
Percentage deviation (PD) contour of two VOCs when ACH = 550%.
When ventilation rate of the room further increased to ACH=1000%, Figure 5 shows that it took less than one minute to make an outstanding area unnoticeable.
The word "unnoticeable" does not mean that the outstanding area is 0% on the sample plan. When the area very close to the cabinet (i.e. the source of VOC1 and VOC2) was zoomed in, the outstanding area could be identified. Actually, the outstanding area would never disappear even at steady state (t→∞), but it is too small and too close to cabinet thus hard to be seen.
By reviewing Figures 2, 3, 4 and 5, it can be found that (1) the concentration distributions of VOC1 and VOC2 would eventually reach the same pattern in regardless of the huge difference in their diffusivities; and (2) the larger the air change per hour (ACH) is, the faster the outstanding PD area would shrink. 
Time-dependent average PD values for the whole room
Those contour maps in the above Section 3.1 are all on a sample plan (z=0.7m). However, ANSYS CFX 13.0 is able to calculate the average PD values for all mesh elements of the whole room, and the results were summarized in Table 3 . The data in Table 3 shows that the larger the ventilation rate is, the faster the average PD value of the room would approach zero. This point is consistent with the results of PD contour analysis in Section 3.1. From the theoretical point of view, a larger ventilation rate means a larger contribution of convection to the transport of gaseous contaminant and a relatively smaller contribution of diffusion process, thus less importance of the diffusivity.
Conclusion
Three ventilation rates (i.e. ACH=140%, 550% and 1000%) in this study are all common ventilation rates in real situations such as office rooms, factory plants, school rooms, hospital wards, etc. Conclusions of this study are pertaining to situations in normally ventilated rooms.
Based on the CFD results and findings, Questions that were raised in Introduction part can be collectively answered:
(1) For the transport of gaseous contaminant in a normally ventilated room, if steady state is concerned, the effect of diffusivity is negligible for the whole room except in very small area very close to the contaminant source. Even a very large difference in their diffusivities of two gases would not matter because their distributions would approach the same 3-D pattern in the end. In CFD practices, the accuracy of the value of diffusivity is not important. All gaseous contaminants can be treated in the same way by assigning a typical value (e.g. 10 -5 m 2 /s) for their diffusivities without affecting the accuracy of the final CFD results of their concentration distributions in steady state. (2) Even when the time series of concentration distribution in transient simulation is concerned, the effect of diffusivity would soon (i.e. in a few minutes) be overwhelmed by the convection process; all gaseous contaminants can still be treated with the same typical value (e.g. 10 -5 m 2 /s) for their diffusivities in CFD practices without remarkable error.
Further discussion
If the ventilation rate is far below normal level (e.g. ACH<30%), the first conclusion in the above will still hold because it only focuses on steady state; however, the second conclusion might open for debate. The CFD results for ACH=140% in Section 3 showed that it took about 10 minutes for the outstanding area (i.e. area where PD>5%) to shrink to less than 5% of the sample plan. Also according Table 3 , it would take about 10 minutes for the average PD level in the whole room to drop to around 2%. It can be imagine that, if the ventilation rate decreased too much, it would take considerably longer time for the concentrations of VOC1 and VOC2 to reach approximate balance. In theoretical terms, lower ACH value means longer time for diffusion to perform before it is overwhelmed by convection. If ACH is too low, then the difference caused by different diffusivities of different gases might no longer be negligible for a considerable length of time.
